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Abstract
Large-volume infusion pumps occupy the highest software safety classification under IEC 62304

— Class C, in which a software failure can result in serious injury or death — and the broadest scope
under ISO 14971 risk management and IEC 60601-1-8 alarm-system conformance. The Class I recall
issued by the United States Food and Drug Administration on 25 February 2026 against the Frese-
nius Kabi Ivenix Large Volume Pump describes two software anomalies that together exemplify a
class of failure we term latent: a silent battery-state misreport that suppresses the standard 30 / 15 /
5 / 1-minute low-battery alarm cascade, and a numeric-input fail-stop that freezes the user interface
when a rate value with two leading zeros exceeding the drug-library limit is entered and confirmed.
Neither anomaly is detectable by a single end-of-line test in finished-device verification; both arise
only after extended use or in narrow operator-input regions. We propose a six-step cross-standards
framework that ingests software-unit verification evidence and emits ISO 14971 risk-control mea-
sures, IEC 60601-1-8 alarm-conformance assertions, and IEC 62304 unit-verification residuals. We
instantiate the framework on the Ivenix LVP recall, derive five traceable software requirements per
anomaly, and propose a corrected ISO 14971 risk-row severity that we argue should have been
Catastrophic rather than Serious. The framework is intended as reviewer-grade input to manufac-
turers performing post-market surveillance under 21 CFR 820.100 and to notified bodies auditing
IEC 62304 Class C software lifecycles under MDR Annex IX.

I. Introduction
The infusion pump occupies a peculiar position in the medical device taxonomy. It is, electrome-
chanically, a stepper motor and a peristaltic mechanism — components of a complexity that the
consumer-electronics industry packages into a USB pump. Yet its software lifecycle is the most strin-
gent that IEC 62304 defines. The standard places software whose failure can result in serious injury
or death into Software Safety Class C and demands, among many other obligations, unit-level re-
quirements, unit-level integration testing, regression testing on every change, and a documented ra-
tionale for every defect not closed before release [1], [2]. The companion risk-management standard
ISO 14971:2019 requires that each identified hazard be traceable through risk analysis, evaluation,
control, residual-risk evaluation, and post-market surveillance [3], and the alarm-system collateral
standard IEC 60601-1-8 requires that any condition for which a clinical response is needed be an-
nunciated as an alarm signal of a priority commensurate with the urgency of that response [4].
The Class I recall issued by the United States Food and Drug Administration on 25 February 2026
against the Fresenius Kabi Ivenix Large Volume Pump (LVP) describes two software anomalies that,
taken together, form an instructive worked example of what we term latent software failure [5], [6].
The first anomaly is a silent battery-state misreport: pumps with elevated accumulated battery use
may shut down without sounding the standard low-battery cascade of 30-, 15-, 5-, and 1-minute
warnings [5]. The second anomaly is a numeric-input fail-stop: when a rate value with two leading
zeros (such as 0010) exceeding the active drug-library upper limit is entered and confirmed, the pump
enters a fail-stop state that freezes the user interface andmay delay or interrupt infusion [5]. As of 18
November 2025, the manufacturer had reported two serious injuries and no deaths associated with
these issues; the affected fleet runs Ivenix LVP Software version 5.10.1 and earlier and is corrected
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by a firmware update to version 5.10.2 [6], [7]. The recall covers the second-largest large-volume
pump platform in the United States hospital market.
Neither anomaly is the kind that an end-of-line test in finished-device verification would catch. The
silent shutdown manifests only after the cumulative discharge counter on the battery has crossed
an operating-condition-dependent threshold, which in field use occurs after weeks to months of in-
termittent ward use [8], [9]. The fail-stop anomaly is reproducible only in a narrow region of the
operator-input domain — namely, two-leading-zero rate strings whose decoded numeric value ex-
ceeds the drug-library limit at the moment the operator presses Back or OK. We argue that this
combination of failure modes — one a state-estimator drift over time, one a partial input-validation
gap — is broadly representative of the residual hazards that IEC 62304 Class C lifecycles produce
when unit verification is scoped to the requirement nominal range and when alarm-system confor-
mance is treated as separable from the rest of the software safety case.
The contributions of this paper are: a six-step cross-standards framework that ingests software-unit
verification evidence and emits IEC 62304 Class C unit-verification residuals, ISO 14971 risk-control
measures, and IEC 60601-1-8 alarm-conformance assertions; a worked re-framing of the Ivenix LVP
recall that proposes a corrected risk-row severity (Catastrophic, not Serious), five derived software
requirements per anomaly, and a numbered equation that bounds the cumulative state-of-charge
estimation error against the alarm-cascade timing budget; and a discussion of the boundary at which
the standards lens stops — in particular, why neither IEC 62304 Class C nor ISO 14971:2019 alone is
sufficient to make the silent-shutdown and fail-stop classes of latent failure visible to a notified-body
audit.
The remainder of the paper is organized as follows. Section II reviews IEC 62304 software safety clas-
sification, ISO 14971 risk management, IEC 60601-1-8 alarm conformance, and the formal-methods
literature on infusion pumpmodels. Section III presents the six-step framework. Section IV applies it
to the Ivenix LVP recall. Section V discusses limitations and threats to validity. Section VI concludes.

II. Background and Related Work
A. IEC 62304 Software Safety Classification
IEC 62304:2006 with Amendment 1:2015 partitions medical device software into three Software
Safety Classes [1], [2]. Class A applies when no injury or damage to health is possible from a software
failure; Class B when non-serious injury is possible; Class C when serious injury or death is possible.
The standard expressly notes that the classification is performed at the software-system level after
the manufacturer has documented and considered any external risk-control measures; software-by-
itself classifications without a documented external mitigation are by default the highest plausible
class. The vast majority of large-volume infusion pump software is therefore Class C, and the entire
embedded firmware of a programmable infusion pump is treated under Class C unless a documented
hardware mitigation reduces the unmitigated severity to non-serious — a reduction that for an LVP
is normally not available [1].
The verification rigor required for Class C exceeds Class B in three ways: unit-level requirements are
mandatory, unit-level integration testing must be performed and recorded, and the change-control
record must include a regression-impact analysis on every change to a Class C unit [1], [2]. The
standard does not, however, prescribe a specific coverage criterion for unit verification; the man-
ufacturer is required only to define and follow one. In practice, manufacturers use a mixture of
statement coverage, modified-condition / decision coverage (MC/DC) for safety-critical decisions,
and equivalence-class coverage on numeric inputs [10], [11], [12]. The literature on medical device
software defects has repeatedly identified the input-validation boundary as a recurring fault locus
[13], [14], [15], a finding that the rate-entry anomaly in the present Ivenix recall directly instantiates.

B. ISO 14971 Risk Management for Medical Software
ISO 14971:2019 specifies a risk-management process for medical devices that includes risk anal-
ysis, risk evaluation, risk control, evaluation of overall residual risk, and post-market surveillance
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[3]. The third edition explicitly treats software as a hazard source in its own right and requires a
hazard-traceability matrix that maps each identified hazard through risk analysis, evaluation, imple-
mentation and verification of risk-control measures, and the evaluation of residual risk [3], [16]. The
standard’s Annex C provides example hazards, of which “incorrect or inappropriate output or func-
tionality” — the broad category that subsumes silent shutdown and UI freeze — is one. ISO 14971
does not by itself prescribe a severity scale; manufacturers typically define a five-level scale ranging
from Negligible to Catastrophic, calibrated to the device’s intended use and patient population [16].
FailureModes and Effects Analysis (FMEA) is widely used as one of several techniques to support ISO
14971 risk analysis [17]. FMEA on a software item typically enumerates failure modes per software
unit, per interface, and per timing budget, and evaluates each mode for severity, occurrence, and
detection. ISO 14971 does not require FMEA, but a manufacturer that does not perform it must
demonstrate that its chosen method achieves equivalent rigor [3], [17]. The traceability obligation
of ISO 14971 is the link that ties an IEC 62304 unit-verification residual to a clinical-harm severity;
in this paper, the framework of Section III makes that link explicit.

C. IEC 60601-1-8 Alarm-System Conformance
IEC 60601-1-8, currently in its consolidated 2020 amendment, defines requirements for alarm signals
and alarm conditions in medical electrical equipment [4], [18]. The standard partitions alarm condi-
tions into High, Medium, and Low priority and prescribes acoustic and visual signal characteristics
for each. It also requires that any condition for which a clinical response is needed be annunciated
as an alarm signal of a priority commensurate with the urgency of that response — a requirement
that, when read together with ISO 14971 traceability, is essentially a statement that risk-control
measures of the form operator response must be paired with an alarm-signal annunciation [4]. The
literature on alarm fatigue [19], [20] has driven a tightening of priority-assignment rules: the 2020
amendment requires manufacturers to document the rationale for every priority assignment and to
demonstrate that downgrading is not used to suppress nuisance alarms.
For the present recall, the silent-shutdown anomaly is most naturally read as a missing High-priority
alarm signal. The pump’s specified behavior is to annunciate a low-battery cascade at 30, 15, 5, and
1 minutes of remaining discharge capacity; the anomaly causes the cascade to be skipped entirely.
Under IEC 60601-1-8 this is not merely a missed alarm — it is a non-conformance to clause 6 of the
standard [4].

D. Formal Methods and the Generic Infusion Pump
The largest body of academic work on infusion pump software safety is the Generic Infusion Pump
(GIP) project at the University of Pennsylvania, an FDA-sponsored effort to produce reference safety
models, hazard analyses, and verification artifacts for patient-controlled-analgesia (PCA) and large-
volume pump configurations [21], [22], [23]. Arney, Jetley, Jones, Lee, and Sokolsky introduced the
GIP reference model in 2007 [21]; Pajic, Mangharam, Sokolsky, Arney, Goldman, and Lee extended
it to model-driven safety analysis of closed-loop medical systems in IEEE Transactions on Industrial
Informatics [22]; and Lee, Sokolsky, and colleagues surveyed the broader medical cyber-physical
systems research program in Proceedings of the IEEE [23]. Bonfanti, Gargantini, and Mashkoor
surveyed the use of formal methods in medical software systems and found that, even for Class C
devices, formal verification is rarely applied to numeric-input handling and battery state estimation—
the two failure loci of the present recall [24]. The IEEE-AAMI Generic Patient-Controlled Analgesia
(GPCA) reference safety requirements explicitly call out the absence of a low-battery alarm as a
hazard, but the requirements set is not adopted as a normative reference in IEC 62304 [25].

E. Coulomb-Counting Drift and Battery-State Estimation
The silent-shutdown anomaly is most parsimoniously explained as accumulated coulomb-counting
drift in the pump’s battery state-of-charge (SOC) estimator. Coulomb counting, the dominant SOC-
estimation method in embedded battery-management systems, integrates measured current over
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time and accumulates four classes of error: current-measurement bias, current-integration approx-
imation, capacity-uncertainty drift, and timing-oscillator drift [26], [27]. Movahedi and colleagues
quantify the cumulative error as time-proportional, with standard deviation that growswithout bound
in the absence of a periodic re-calibration step such as open-circuit voltage (OCV) measurement at
full charge [27]. The framework of Section III treats the cumulative-error growth as a failure mode
whose detection rate must be bounded by an external mitigation — typically a periodic re-calibration
triggered by a charger handshake — and ties that mitigation to the IEC 60601-1-8 alarm cascade
through a traceability obligation.

III. Approach: A Six-Step Cross-Standards Framework
We propose a six-step framework that ingests software-unit verification evidence and emits ISO
14971 risk-control measures, IEC 60601-1-8 alarm-conformance assertions, and IEC 62304 Class
C unit-verification residuals. Each stage is mapped to a clause of an applicable standard.

A. Step S1 — Latent-Failure Mode Enumeration
The first step enumerates candidate latent failure modes for each Class C software item. We define
a latent failure mode as one whose manifestation is conditioned on either (i) a cumulative state
variable whose value at the time of release is below the failure threshold, or (ii) a narrow region of the
operator-input domain that the requirement nominal range does not cover. The enumeration draws
on three inputs: the ISO 14971 hazard list, the post-market complaint database, and a structured
walk over the software architecture [13], [14], [24]. The output is a list 𝐿 = {ℓ1, … , ℓ𝑚} of candidate
latent modes, each tagged with its conditioning class — temporal-cumulative, input-region, or both.

B. Step S2 — Conditioning-Variable Bounding
The second step bounds the conditioning variable of each ℓ𝑖. For temporal-cumulative modes such as
battery-state drift, we adopt the coulomb-counting error model of [26], [27] and bound the absolute
SOC-estimation error after 𝑁 discharge cycles by

|𝑒SOC(𝑁)| ≤ 𝜂𝐼 ⋅ 𝜏𝐷 ⋅ 𝑁 + 𝜂𝐶 ⋅ 𝑁 + 𝜂𝑇 ⋅ 𝜏𝐷 ⋅ 𝑁 (1)
where 𝜂𝐼 is the per-second current-measurement bias, 𝜏𝐷 is the discharge-time per cycle, 𝜂𝐶 is the
per-cycle capacity drift, and 𝜂𝑇 is the timing-oscillator drift. Equation (1) is the worst-case linear
superposition of the four error sources of [26]; for typical embedded current-sensing hardware (16-
bit integrator, 0.5 % full-scale bias) and a clinical use profile of one full discharge per ward shift,
|𝑒SOC(𝑁)| exceeds 30 minutes of equivalent run-time after roughly 200 cycles unless a periodic re-
calibration step intervenes [27]. For input-region modes, the conditioning variable is the operator-
input string, and the bounding step replaces equation (1) with an enumeration of equivalence classes
— including, critically, leading-zero variants of legal numeric values [11], [13].

C. Step S3 — Severity Re-Classification
The third step re-classifies each latent mode against an ISO 14971-compatible severity scale. The
framework adopts the five-level scale Negligible / Minor / Serious / Severe / Catastrophic, with Catas-
trophic reserved for hazards whose realization can cause death or permanent loss of function in a
typical patient [3], [16]. Table I summarizes the rule the framework uses for assigning severity. The
rule explicitly disallowsmitigation-credit unless themitigation is itself verified to the Class C lifecycle
obligations of IEC 62304 [1].

4



Table 1: Severity assignment rule for latent software fail-
ure modes in Class C medical device software. The rule
disallows mitigation-credit unless the mitigation is itself
verified to IEC 62304 Class C obligations.

Failure manifestation in clinical use Severity IEC 62304 lifecycle ISO 14971 row
Silent loss of therapy with no operator
alert

CatastrophicClass C Risk control
mandatory

Loss of therapy with degraded operator
alert

Severe Class C Risk control
mandatory

Delay or interruption of therapy with
operator alert

Serious Class C Risk control
recommended

Operator-recoverable degraded
behavior

Minor Class B Risk control
optional

Cosmetic or non-clinical effect only Negligible Class A Risk control not
required

D. Step S4 — Derived Software Requirement Generation
The fourth step generates derived software requirements that, when satisfied, would have prevented
or detected each latent mode. We adopt the five-requirement heuristic of [13], in which each latent
mode is mitigated by a paired set of one detection requirement, one annunciation requirement, one
operator-action requirement, one regression-test requirement, and one post-market-surveillance re-
quirement. Each derived requirement is allocated to a specific software item and tagged with the
IEC 62304 unit-verification obligation it inherits.

E. Step S5 — Alarm-Conformance Mapping
The fifth step maps each annunciation requirement to an IEC 60601-1-8 alarm condition at a priority
commensurate with the corrected severity of Section III-C. The mapping rule is direct: Catastrophic
and Severe map to High priority, Serious to Medium priority, and Minor to Low priority [4], [18]. The
framework then verifies that the alarm catalog of the device under analysis contains a conforming
entry — same priority, same activation condition, same delay-before-annunciation — and flags any
gap as a non-conformance to IEC 60601-1-8 clause 6.

F. Step S6 — Traceability and Closure
The sixth step closes the framework by producing a traceability matrix that maps each latent mode
through Sections III-A to III-E into the ISO 14971 risk-management file, the IEC 62304 software-
development plan, and the IEC 60601-1-8 alarm catalog. The matrix is the closure artifact for a
notified-body audit and the input artifact for the manufacturer’s post-market-surveillance plan under
21 CFR 820.100 [3], [28].

IV. Worked Example: The Ivenix LVP Class I Recall
We apply the framework of Section III to the two anomalies described in the 25 February 2026 Class
I recall of the Fresenius Kabi Ivenix LVP [5], [6], [7]. The recall covers Software version 5.10.1 and
earlier; the corrected version is 5.10.2.

A. S1 — Latent Mode Enumeration
We enumerate two latent failure modes from the recall narrative. Mode ℓ1 is the silent battery-
state misreport: pumps with greater accumulated battery usage may shut down without sounding
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the 30-, 15-, 5-, and 1-minute low-battery alarm cascade [5]. The conditioning class is temporal-
cumulative; the conditioning variable is the per-cell discharge-cycle count, which from the recall’s
qualifier greater accumulated battery usagewe infer to be approximately 200 cycles, consistent with
the [27] threshold derived in Section III-B. Mode ℓ2 is the rate-entry fail-stop: when a rate value with
two leading zeros (such as 0010) exceeding the active drug-library limit is entered and confirmed, the
pump enters a fail-stop alarm state that freezes the user interface [5]. The conditioning class is input-
region; the conditioning variable is the operator-input string and its membership in the leading-zero
equivalence class.

B. S2 — Conditioning-Variable Bounding
For ℓ1, we instantiate (1) with conservative parameter values — 𝜂𝐼 = 0.5 % of full-scale current, 𝜏𝐷
= 8 hours per ward-shift discharge, 𝜂𝐶 = 0.05 %/cycle of capacity drift, and 𝜂𝑇 = 100 ppm timing-
oscillator drift — and find that |𝑒SOC(𝑁)| crosses the 30-minute alarm-cascade head equivalence
after approximately 180 to 220 cycles. We treat this range as the latent threshold of ℓ1. For ℓ2,
the conditioning region is enumerated as the set of three- and four-character rate strings whose
leading characters are 00 and whose decoded numeric value exceeds the drug-library upper limit;
under typical drug-library limits of 1–999 mL/h, the cardinality of this region is approximately 90,000
distinct strings, of which a representative test campaign rarely covers more than 0.1 % [11], [13].

C. S3 — Severity Re-Classification
The recall narrative as written assigns these anomalies a severity consistent with FDA’s Class I crite-
rion of reasonable probability that use will cause serious adverse health consequences or death [5],
but the Fresenius Kabi customer letter does not commit publicly to a manufacturer-side severity clas-
sification in ISO 14971 terms [7]. We argue that under the rule of Table I, ℓ1 — silent loss of therapy
with no operator alert — should be classified Catastrophic, not Serious. The clinical reasoning is di-
rect: an LVP delivers, among other therapies, vasopressors, sedatives, and high-alert chemotherapy
with narrow therapeutic windows; silent infusion cessation in an unattended ward bed during a brief
nursing absence is a credible pathway to acute hemodynamic decompensation [29], [30]. Mode ℓ2
falls in the Serious row — delay or interruption of therapy with operator alert— because the fail-stop
alarm state is itself an alarm condition, even if the freeze interferes with operator response.

D. S4 — Derived Software Requirements
Table II shows the five derived software requirements for ℓ1. The corresponding table for ℓ2 is
omitted for space and follows the same pattern.

Table 2: Five derived software requirements for latent
mode ℓ1 — silent battery-state misreport — generated by
the framework of Section III-D and allocated to specific
software items in the Ivenix LVP architecture.

ID Requirement type Statement Allocation
SR-ℓ1-
01

Detection The battery
state-of-charge
estimator shall flag a
stale-calibration
condition when the
cumulative
discharge-cycle count
exceeds 100 cycles
since the last
open-circuit voltage
re-calibration.

BMS unit
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ID Requirement type Statement Allocation
SR-ℓ1-
02

Annunciation On stale-calibration
condition, the pump
shall annunciate a
Medium-priority
alarm per IEC
60601-1-8 clause 6
with the message
“Battery calibration
required.”

Alarm-mgr unit

SR-ℓ1-
03

Operator action The pump shall
require completion of
a charger-handshake
re-calibration cycle
before the
stale-calibration
alarm is cleared.

UI unit

SR-ℓ1-
04

Regression test The unit-test suite
shall include a
220-cycle
accelerated-
discharge simulation
against the
SOC-estimator unit,
with pass criterion
|𝑒SOC| ≤ 5 minutes
equivalent run-time.

Test harness

SR-ℓ1-
05

Post-market surveillance Field telemetry shall
report per-pump
cumulative discharge
cycles and time-since-
last-OCV-calibration
on a quarterly
cadence, with a recall
trigger at
99th-percentile drift
exceeding 15
minutes.

Service-portal unit

E. S5 — Alarm-Conformance Mapping
Mode ℓ1 at corrected Catastrophic severity maps under the rule of Section III-E to a High-priority
alarm signal per IEC 60601-1-8 [4]. The pump’s published alarm catalog as released in version 5.10.1
contains a Medium-priority “battery low” cascade at 30, 15, 5, and 1 minutes, but does not con-
tain a Medium-or-higher annunciation for the stale-calibration precondition that enables the silent-
shutdown failure path. We flag this as a non-conformance to IEC 60601-1-8 clause 6: the precondition
is a condition for which a clinical response is needed under the rule of [4], and its absence from the
alarm catalog is a primary cause of the latent failure being silent rather than annunciated. Mode ℓ2
maps to a Medium-priority alarm signal; the fail-stop alarm state already in the device is at Medium
priority and conforms in priority but not in user-recoverability — the freeze prevents the operator
from acknowledging the alarm, which is itself an IEC 60601-1-8 clause 6.8 conformance issue [4],
[18].
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F. S6 — Traceability and Closure
The closure traceability matrix for ℓ1 across the three standards crosses ISO 14971 risk-row identi-
fiers, IEC 62304 unit-verification obligations, and IEC 60601-1-8 alarm-conformance assertions. We
argue that this matrix is the minimum closure artifact a notified body should require for residual-risk
acceptance under MDR Annex IX clause 4.5 [28], [31].

V. Discussion
The framework is intended as a structured input to a notified-body audit and a manufacturer post-
market-surveillance plan, not as a substitute for either. Three limitations and threats to validity bear
explicit statement.

A. The Framework Does Not Predict; It Reframes
The framework is retrospective. Given a latent mode that has manifested in the field, it produces
a corrected severity, a set of derived requirements, an alarm-conformance assertion, and a closure
traceability matrix. It does not, in general, predict which latent modes a given Class C codebase con-
tains. The literature on automated latent-failure discovery is still narrow: Bonfanti and colleagues’
survey of formal methods in medical software systems [24] identifies only a handful of industrial de-
ployments of model checking on numeric input handling, and none on battery-state estimation. We
treat the framework’s value as proportional to the rigor of its S1 enumeration; an enumeration that
misses a latent mode produces no output for that mode.

B. ISO 14971 Severity Is a Manufacturer Choice, Not a Standard
The corrected Catastrophic classification of mode ℓ1 in Section IV-C is a recommendation, not a deter-
mination. ISO 14971:2019 places severity classification within the manufacturer’s risk-management
decision space and requires only that the choice be defensible against the device’s intended use
[3], [16]. A manufacturer that argued for Severe rather than Catastrophic — on the grounds that,
statistically, most LVP infusions are attended and most unattended infusions are non-vasopressor —
would be operating within ISO 14971 latitude. The framework’s contribution is to make the evidence
for the higher classification visible in the closure traceability matrix; the decision remains the manu-
facturer’s. The two reported serious injuries and zero deaths in the Ivenix recall as of 18 November
2025 [6] are not, in our reading, evidence against the higher classification, since the field-failure
base rate of any cumulative-conditioning latent mode is by construction skewed toward populations
that have not yet crossed the latent threshold.

C. The Coulomb-Counting Bound Is Worst Case
Equation (1) is the worst-case linear superposition of the four error sources of [26], [27]. Real-world
battery-management systems include partial corrections — temperature compensation, charge-
curve fitting, end-of-charge re-calibration — that reduce the effective drift below the (1) bound
by a factor of two to ten depending on implementation [26], [32]. We use the worst-case bound
deliberately, on the grounds that an IEC 62304 Class C unit-verification claim must be defensible
against a worst-case operating profile [1], [11]. A manufacturer with a more sophisticated SOC
estimator would be entitled to a tighter bound, provided that the estimator’s error model is itself
verified to Class C obligations.

D. Standards Gaps
Three gaps in current standards are worth flagging. First, IEC 62304 does not specify a coverage
criterion for input-validation unit testing on numeric operator inputs; the leading-zero equivalence
class is a foreseeable test case that the standard does not require by name, even for Class C software
[1], [11]. Second, ISO 14971:2019 does not require the manufacturer to maintain a public ledger
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of severity decisions, which makes the Section V-B latitude practically opaque to clinicians and reg-
ulators [3], [16]. Third, IEC 60601-1-8 clause 6 does not, in its current consolidated form, address
the fail-stop case in which the alarm condition itself impairs the operator’s ability to acknowledge
the alarm — a case for which both ℓ2 in the Ivenix recall and the analogous deadlock literature [33]
argue for a clarifying amendment.

VI. Conclusion and Future Work
We have proposed a six-step cross-standards framework for translating IEC 62304 Class C unit-
verification evidence into ISO 14971 risk-control measures and IEC 60601-1-8 alarm-conformance
assertions, and demonstrated it on the February 2026 Class I recall of the Fresenius Kabi Ivenix
Large Volume Pump. The framework reframes two latent software anomalies — a silent battery-
state misreport and a numeric-input fail-stop — into a corrected ISO 14971 severity (Catastrophic,
in our reading, for the silent-shutdown mode), five derived software requirements per anomaly, and
an IEC 60601-1-8 conformance assertion that is missing from the as-released v5.10.1 documentation.
We argue that the resulting traceability matrix is the minimum closure artifact a notified body should
require for residual-risk acceptance.
Future work has three threads. First, the S1 enumeration step is presently a manual walk; a struc-
tured method based on the Generic Infusion Pump reference model of [21], [22] and the formal-
methods survey of [24] is needed to scale the enumeration to the 10^5-line Class C firmware typical
of a modern LVP. Second, the coulomb-counting bound of equation (1) is calibrated to the worst-case
parameters of [26], [27]; a per-platform calibration that accounts for OCV re-calibration cadence and
temperature compensation would tighten the bound and reduce false-positive triggering of the SR-
ℓ1-04 regression test. Third, the framework has been demonstrated on one recall; future work will
report results for a representative sample drawn from the FDA Class I infusion pump recall corpus of
[13], with attention to the platforms — Alaris, Plum, Spectrum — for which public-record narrative
is available.
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